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Abstract: The recycling of organic wastes in agriculture contributes to a circular economy by
returning to the soil nutrients and reducing the need of mineral-based fertilisers. An agronomical
and environmental evaluation of a series of biochars prepared from a range of urban and agricultural
wastes was performed by soil incubation experiments and pot trials. The impact of biochar addition
(alone, or in combination with either mineral or organic fertiliser) on soil N, P and micronutrients was
studied, as well as the potential limitations for their agricultural use (associated to phytotoxicity and
presence of potentially toxic metals). The type and origin of feedstock only had a minor impact on the
response of biochar in soil and its interaction with the most important nutrient cycles. The presence
of ashes in biochars prepared from urban and pre-treated organic wastes caused an increase in the
availability of N and P in soil, compared to raw lignocellulosic biochar. All tested biochars exhibited
favourable properties as soil amendments and no phytotoxic effects or negative impacts on soil
nutrient dynamics were observed during the soil incubation experiments. Their agricultural use
is only limited by the presence of potentially toxic metals in biochars prepared from feedstocks of
urban origins.

Keywords: ammonification; nitrification; phosphorus; germination; Lactuca sativa L.; heavy metals

1. Introduction

The development of new strategies for sustainable waste management is essential to divert organic
wastes from landfills [1]. The challenge is to transform these organic wastes to organic amendments
that can be incorporated into agricultural practices. Thus, the pyrolysis of organic wastes, to produce
bioenergy and biochar, has recently gained considerable interest as a recycling option, becoming an
alternative strategy to composting and other biological waste treatments.

Biochar is attracting great attention as a C sequestration potential agent because C is transferred
from the fast biological atmospheric C cycle into the much slower geological cycle due to its recalcitrant
nature [2]. Concomitant with the enhanced C sequestration, there is a wide range of potential benefits
related to the addition of biochar to soil, which are associated to the impact on soil physico-chemical
and biological equilibria [3].

Some of the agronomical benefits of biochar include: an improvement in soil physical properties,
and particularly in soil water-holding capacity, which would be beneficial in areas with limited
rainfall [4,5]; a change in soil nutrient dynamics, especially when used in combination with mineral
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fertilisation or other organic amendments, affecting their bioavailability such as the case of N and
P [6,7]; and a limitation of the bioavailability of potentially toxic metals [8]. All these benefits might lead
to an enhanced crop productivity, which is highly dependent on types of feedstocks and agroclimatic
conditions [9].

The environmental and agronomical benefits of biochar are dependent on the type of biochar.
Consequently, considerable variation in plant and soil responses is expected with different biochars [10].
In general, the macro- and micronutrient content of the biochar itself does not play an important role
in plant mineral nutrition, and plant growth. Raw lignocellulosic biochars usually contain rather
low nutrient concentrations, but there are other biochars with high mineral content, especially those
obtained from manures and other ash-rich feedstocks, that can represent a source of nutrients [11].
In addition, low pyrolysis temperatures can also improve nutrient solubility of biochar, improving
plant growth [12].

At present, large scale implementation of biochar as soil amendment in agriculture is mainly
limited by the cost of biochar production and application, which is higher than the cost of other organic
materials typically used as soil amendment (i.e., compost, manures, etc. [13]). The cost of the feedstock
is a crucial input for economy analysis, especially when biochar is prepared from clean wood biomass.
To reduce production cost, other alternative feedstocks are being evaluated, such as farm and urban
wastes [14]. In developed countries, the use of organic wastes as cheap feedstock has several advantages,
since these wastes are available for free or even generate revenue and/or save disposal cost [10].

The evaluation of the agricultural use of biochar as soil amendment has been almost
exclusively performed for biochars produced from woody feedstocks or from manures [9,12,15,16].
A better understanding of the soil nutrient dynamics, biochar decomposition and potential positive
and negative effects associated to soil application of biochar prepared from organic wastes is
therefore needed.

The aim of this work was to perform an environmental and agronomical evaluation of a selection
of biochars prepared from different urban and agroindustrial organic wastes. The evaluation of
biochars as soil amendments was performed when biochars were used alone or in combination with
two different N sources: mineral fertilisation and an organic amendment (manure). The assessment
was based on the study of: (i) soil N and P dynamics and their mineralisation rate; (ii) bioavailability
of micronutrients; and (iii) the fate of metals in soil. A pot trial was performed to evaluate the
response of lettuce to biochar addition and evaluate the potential negative impact on plant growth and
metal mobilisation.

2. Materials and Methods

2.1. Soil Description

An agricultural soil, classified as Haplic Calcisol [17], was sampled from an organic olive orchard
in Murcia Region (SE Spain) (coordinates 38°23’ N 1°22" W). The soil was characterised by a sandy
loam texture (57% sand, 27% silt and 16% clay) and alkaline pH, with 30% CaCOs. The characterisation
of the soil is presented in Table 1. Before its use, the soil was sampled from the topsoil (0-20 cm),
air-dried and sieved (<2 mm).

Table 1. Main physicochemical properties of soil and the N sources; sheep manure as organic
amendment and diammonium phosphate (DAP) as mineral fertiliser.

pH? EC? oM Corg C/IN Cext N P K
(mS em™1) (g100g~1) (mgg™ (g100g~1)
Soil 8.1 0.51 29 1.7 57 10.9 0.3 - -
Manure 9.1 3.9 45.6 18.1 9.1 40.4 2.0 1.6 24
Fertiliser - - - - - - 18.0 26.0 0.0

2 water extract 1:10 w:v; EC: Electrical Conductivity; C ext: alkaline extractable C (0.1 NaOH; 1:10 w:v).
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2.2. Biochars Description

A wide range of biochars prepared by slow pyrolysis in a Pyromaat Auger pyrolysis reactor (1 h
residence time) by Stichting Energieonderzoek Centrum Nederland (ECN) (Petten, The Netherlands)
at 400 °C were used: holm oak (0400), greenhouse waste from a mixture of horticultural residues
(GH400), green waste from gardens in urban areas (GW400), dried CellMatt, a lignocellulosic residue
from the processing of municipal solid wastes (CM400), pig manure (PM400) and press cake from
anaerobic digestion of source-separated municipal solid wastes (PC400). In addition, two commercial
biochars, from holm oak feedstock by a large-scale slow pyrolyser (residence time of about 15 h)
by Proininso Inc. (Malaga, Spain) were used: OC450 and OC650, produced at 450 °C and 650 °C,
respectively. The main characteristics of the biochars are reported in this Special Issue [18].

2.3. Soil Incubation Experiments

The soil incubation experiments were performed under aerobic conditions, at 40% of its water
holding capacity (WHC) and at 25 °C during 30 days. The soil was pre-incubated at the same conditions
for 7 days prior to use. Glass flasks (100 mL) were used for the incubation, containing 40 g (oven dry
basis) of each treatment in triplicate and covered with a polyethylene sheet that allowed gas exchange
but minimised evaporation. Moisture was gravimetrically adjusted by weight loss every two days
with the addition of deionised water to each flask.

In addition to biochar, two N sources (manure (M) and mineral fertilisation (F)) were selected for
the soil incubation experiments. Sheep manure was selected as a widely used organic amendment in
agriculture containing a relatively high proportion of N (1.98%), in organic form. M was added to the
soil as a finely grounded (<1 mm) dry material. Diammonium phosphate (DAP) was selected as one of
the most important mineral fertilisers used worldwide as N and P source. DAP was applied to the soil
in solution at the required concentration to equal the amount of N added in the manure treatments
(198 mg N kg ! soil). Their properties are reported in Table 1.

The incubation experiments consisted in seven treatments for each biochar:

S: Control soil, unfertilised.

S + B (1%): Soil amended with biochar at 1%, expressed as dry weight (d.w.).

S + B (2%): Soil amended with biochar at 1% (d.w.).

S + M (1%): Soil amended with manure at 1% (d.w.).

S + B + M (1%): Soil amended with biochar at 1% (d.w.) and manure at 1% (d.w.).

S + F (1%): Soil fertilised with DAP at 0.2 gN kg~ soil, the same amount of N provided by 1% M.
S + B + F (1%): Soil amended with biochar at 1% (d.w.) and DAP at 0.2 gN kg*1 soil.

Each treatment included three parallel incubations for destructive soil sampling after 3, 7 and
30 days for chemical analysis (NO3~-N, NH4*-N, Porspn, and DTPA extract). These sampling dates
would allow monitoring changes taking place immediately after amendment (3 and 7 days) and then
after 30 days of incubation.

2.4. Pot Trials

Plant growth experiments were carried out in a growth chamber (19-24 °C temperatures
night/day) at CEBAS-CSIC (Murcia, Spain). The pot trials were used to compare the plant growth in
soil amended with six different biochars at 2% dry weight basis, OC450, O400, GH400, GW400, CM400
and PC400, and a treatment without biochar that was used as control. All treatments received the
mineral fertilisation recommended for lettuce crops (Lactuca sativa L., cultivar: Baby): 100 N kg ha~!
and 111 P kg ha=! [19].

Black plastic pots (900 mL), with the bottom sealed with cotton, were used for the experiment.
Six pots were filled with 1000 g of soil (dry weight basis) for each treatment and were laid out on six
trays. Each tray comprised seven pots, one pot from each treatment, in a randomised design. To avoid
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the influence of the microclimate variability, the location of the trays inside the growth chamber was
changed every two days. Soil moisture was checked three times a week by measuring weight loss for
each individual pot and adjusting with deionised water when necessary.

Three seeds were sown in each pot and placed in the growth chamber. After 12 days,
the germination was evaluated, and plants were thinned to one lettuce per pot.

The leaf chlorophyll concentrations were measured with a Chlorophyll Meter (SPAD-502Plus,
Konica Minolta Inc., Tokyo, Japan) on the same pair of leaves at Day 56. Two SPAD readings were
taken at the same time of the day to minimise the potential effects of light intensity on chloroplast.
Chlorophyll fluorescence was measured through Fv/Fm (ratio of variable to maximum fluorescence)
that reflects the quantum efficiency of open photosystem II centres [20]. Chlorophyll fluorescence
was measured on the same pair of leaves at Day 56 using a fluorometer (OS30p+, Opti-Sciences, Inc.,
Hudson, NH, USA). Plants were adapted for 30 min in total darkness prior to measurements, and
dark-adapted Fv/Fm was estimated using the saturation pulse method [20].

After 72 days, plants were cut close to the surface above ground and biomass was harvested,
cleaned with deionised water and dried at 60 °C for 72 h. Once dried, the shoot dry weight was
determined and milled to perform nutritional analyses. Soil was homogenised before sampling to
determine NH,*-N, NO3;~-N and PO43~-P concentration, and afterwards it was air-dried to obtain the
lettuce’s roots remnants which were cleaned to determine the root dry weight.

2.5. Chemical Analyses

NO;~-N and PO,3~-P concentration in soil was determined by ionic chromatography (HPLC)
(DIONEX ICS-2100, Thermo Scientific, Sunnyvale, CA, USA) in the 1:10 (w:v) aqueous extract and
NH,*-N by a colorimetric method based on the Berthelot’s reaction in the 1:10 (w:v) 2M KCl extract [21].

Plant-available P in soil was determined by Olsen’s method, measured by molybdenum blue
colorimetry in a 0.5 M NaHCOj extract [22].

Extractable micronutrients (Fe, Cu, Mn, Zn, Mo, and B) and potentially toxic metals (Ni, Cd, Cr
and Pb) concentrations in soil incubation and in biochars were measured after their extraction with
DTPA/CaCl, /TEA pH 7.3 by Inductively Coupled Plasma spectroscopy (ICP-OES) (ICAP 6500 DUO
THERMO, Cheshire, UK). This methodology was adapted to alkaline soils [23].

Total concentrations of Cd, Cr, Ni and Pb in lettuces were measured after HNO3;/H,O; digestion
by ICP-OES.

Chemical analyses are expressed on an oven-dry basis (105 °C, 24 h) and represent the mean of at
least triplicate analyses.

Phytotoxicity in biochars was performed by the Lepidium sativum test and expressed as
germination index (GI), according to Zucconi et al. [24].

2.6. Calculations and Statistical Analyses

The N mineralisation/immobilisation rate at the end of incubation experiment was calculated
according to the equations developed by Tammeorg et al. [25]:

Net N mineralisation (ANgp) in each amendment and biochar treatment was calculated as
a difference from the mineral N content (NO3 ™ -N + NH4"-N) during the incubation according to:

AN g = N3ors — NoEB, (1)

where AN pp is the amount of net N mineralisation (mg N kg’1 soil), and N3g gp and Ng gp are the
mineral N contents at Day 30 and Day 0, respectively, for a N fertiliser source (F) and each biochar and
its application rate (B) (mg N kg~ ! soil). F was considered 0 when no N fertiliser (manure or DAP)
was added:

ANioB = N3p08 — Noo,8, )
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Subsequently, the effect of biochar application on the net N mineralisation/immobilisation at
a given time (t = 0 and t = 30) was calculated for each N fertiliser source treatment (F) by subtracting
the corresponding amount of net N mineralisation in the soil with no added biochar (B = 0):

AN g = AN gp — ANigo = (N30 — Nogs) — (N30,60 — Nogo), 3)

where AN®f, £ is the net effect of biochar addition on the N mineralisation/immobilisation in soil
(mg N kg~! soil), F was considered 0 when no N fertiliser (manure or DAP) was added:

AN, 05 = AN o — ANy g0 = (N3g08 — Noos) — (N30,00 — Nooo), 4)

The same equations were used to calculate the P mineralisation/immobilisation rate at the end of
the incubation experiment.

Nitrogen uptake efficiency (NUE) in pot trials was calculated as the amount of N uptake by plants
per N supplied per kilogram of fertilised soil (N uptake/N supplied) [26].

Statistical analyses of data were performed using the IBM SPSS Statistics 22 (IBM Corporation,
Armonk, NY, USA). The significance of differences was analysed by one-way analysis of variance
(ANOVA) and was defined as p < 0.05 by Tukey HSD test.

3. Results and Discussion

3.1. Dynamics of N in Soil: Ammonification and Nitrification Processes

The N mineralisation dynamics were studied in soils amended with different biochars, OC650,
0OC450, 0400, GH400, GW400, CM400, PM400 and PC400, and in combination with additional N
sources (manure and mineral fertilisation). N mineralisation was studied through ammonification
and nitrification processes, which were monitored by changes in the concentrations of NH;"-N and
NO3z™-N during incubation (Figure 1).

The addition of biochar alone, without an additional N source, did not significantly affect soil N
dynamics. This behaviour was observed for all biochars added at both rates, 1% and 2%, due to the
low supply of mineral N by the biochar and its low mineralisation rate in soil (chemical recalcitrance).

On the other hand, biochars showed different interactions with N mineralisation dynamics in soil
amended with manure and mineral fertilisation (Figure 1). The addition of both N sources to the soil
caused a significant increase in extractable NH;*-N at Day 3, as a consequence of the mineralisation of
the added organic matter in the case of manure, or the direct supply from DAP.

Previous studies have reported a decrease of N availability in biochar amended soils due to the
ammonium retention capacity of biochars [27,28]. However, the simultaneous addition of biochar with
the N sources did not have a clear effect on the amount of NH4*-N at Day 3, compared to the soil
amended with manure (S + M (1%)) or fertiliser alone (S + F (1%)). Only in the case of raw or rich
lignocellulosic biochars (OC450, 0400 and CM400) there was a significant reduction in the amount of
extractable NH4*-N, compared to the treatments prepared only with manure (S + M (1%)) or mineral
fertilisation (S + F (1%)). Biochars prepared from pre-treated organic feedstocks, which contained
lower amount of C and higher ash content, were not effective in retaining N in soil and the levels of
soil NH,*-N were not significantly different from the control.

From Day 7 to the end of the incubation, all treatments recorded a sharp reduction of NH4*-N
and an increase of NO3~-N, as a consequence of the nitrification process. After 30 days of incubation,
all biochar amended soils showed similar NO3~-N levels than the treatment with only manure (S + M
1%) but a decrease was observed in treatments with mineral fertilisation (S + B + F 1%). Especially,
the addition of OC650, OC450 or O400 (raw lignocellulosic biochars) originated a similar behaviour
regarding the nitrification process in the soil amended with fertiliser (S + F (1%)), characterised by
a sharp increase of NO3 ~-N between the third and seventh day of incubation. The levels of NO3;~-N
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increased mainly after the seventh day of incubation. This effect was not so clear in soils amended
with manure, where the availability of ammonium depends on the organic matter mineralisation.
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Figure 1. Changes in the amounts of mineral N (mg kg{l soil as NH4*-N plus NO3; ~-N) during the

incubation of: soil; soil amendment biochars at two doses (S + B (1%) and S + B (2%)) or in combination
with manure (S + B + M (1%)) or mineral fertiliser (S + B + F (1%)). Error bars represent standard
deviation (n = 3).

Figure 2 shows the effect of biochar application on the net N mineralisation (AN > 0) or
immobilisation (AN < 0) rate at the end of the incubation experiment. The positive values were
considered as N mineralisation, and therefore it represents an increment of mineral N as NH4*-N
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and NOs;~-N. However, the negative values were considered as a decrease of mineral N, either N
immobilisation due to organic N transformation or N losses as volatilisation of NHz and N;O.

40" soil+B (1%) f f 1

o0 | abc e cde bc,fde d§e ab abicd a |
SN
+ B 1
-40 ]
401 soil +B(2%) % % % % % ‘
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ol el g N

o seteBrF(W
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OC650 OC450 0400 GH400GW400CM400 PM400 PC400
Treatments

Figure 2. Effect of biochars on the soil N mineralisation (AN > 0) or immobilisation (AN < 0). Error bars
represent standard deviation (1 = 3). Different letters in each plot indicate significant differences at the
p <0.05 level.

The net effect of biochars application on soil mineral N at 1% and 2% was relatively low, because of
the lower content of NH4*-N and NO3;~-N in biochar, compared with soil. Nevertheless, the biochars
from pre-treated organic wastes, which have high ash content (rich in minerals) and low C org, mixed
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at 1% showed a significant higher mineralisation rate than raw lignocellulosic biochars. This effect
could be due to the low fixed C and higher N content of biochars from pre-treated feedstocks, being
more easily degradable. However, the addition of OC650 also promoted net N mineralisation despite
its low mineral content. This effect was unexpected for hardwood biochars [15,29]. On the other hand,
the other raw lignocellulosic biochars (0400 and GH400) and GW400 did not show any significant
effect on soil mineral N, which is in agreement with previous works using this type of biochar [15,29].

Increasing biochar application rates to soil (S + B (2%)) caused an increase in the N immobilisation,
which is in agreement with previous incubations studies [25] and especially in alkaline soils
incubations [4,5]. This immobilisation could be attributed to the alkalinity and high adsorption capacity
of biochars [7] and also to the presence of volatile carbon, which could lead to a N immobilisation by
soil microorganisms. This effect was more evident in the treatments with high volatile content and
molar H/C org ratio (less thermochemically converted) biochars. Thus, the effect of biochar on soil N
mineralisation/immobilisation may differ significantly between biochars according to the feedstock
and pyrolysis conditions [25], but the increase in biochar application rate may have masked this effect.

Biochars did not show a clear effect on net N mineralisation in soil amended with manure. Thus,
it seems that the mineral N produced by ammonification and nitrification processes was controlled by
the organic matter mineralisation of manure, rather than the impact of the biochars.

The effect of biochar application on soils amended with mineral fertilisation was affected by
the properties of biochars. Raw lignocellulosic biochars showed greater N immobilisation values
than biochars obtained from pre-treated feedstocks. These results are in agreement with previous
works [7,15,29], where different mechanism for biochar-induced mitigation of NHj3 volatilisation were
elucidated: NHj adsorption in micropores, NH;* and NO3 ™~ adsorption in cation exchange sites,
oxidation of NH;* to NO3;~, protonation of NHj; induced conversion to NH;* and the possible NH,*
immobilisation induced by the microbial activity.

3.2. Dynamics of Available P in Soil

An overview of the impact of the different biochars on available P dynamics (water soluble P and
Porsen) during soil incubation experiments is shown in Figure 3.

In general, the soil incubation experiments recorded low amounts of water soluble P, which was
expected due to the alkaline nature of soil.

The addition of biochar did not affect the behaviour of P dynamics in the unfertilised soil (without
a N source). A similar trend was found between the biochars at 1% and 2%, due to the low supply
of mineral P with the biochar. The only exception was PM400, which showed the highest values of
soluble P in soil, caused by its greater concentration of P in the biochar.

The water soluble P levels slightly increased after three days of incubation in the soils amended
with either manure or mineral fertiliser. Manure is a well-known source of soluble and easily available
forms of P, organic P and inorganic phosphate compounds, and they represent a traditional source of
P for agriculture [30,31]. Thus, when phosphate from the fertiliser or manure comes in contact with
the alkaline soils, various reactions take place making the phosphate less soluble and less available,
mostly precipitated as calcium salts. In general, biochar application increased the water soluble P levels
after three days in the soils amended simultaneously with biochar and the manure (S + B + M (1%)) or
the fertiliser (S + B + F (1%)). The addition of biochar generally caused an increase in the amount of
available P (Porsgn). The increase in available P was noticeable even after 30 days of incubation but only
small variations were observed during the incubation period. Even in the case of PM400, which caused
a significant increase of available P in treatment S + B (2%), there was no significant impact of this biochar
when combined with manure or mineral fertilisation (S + B + M (1%), and S + B + F (1%) treatments).
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Figure 3. Changes in the amounts of water soluble and available P (Porsgn) (mg kg_l) during
the incubation of: soil; soil amended with biochars at two doses (S + B (1%) and S + B (2%)) or in
combination with manure (S + B + M (1%)) or mineral fertiliser (S + B + F (1%)). Error bars represent
standard deviation (n = 3).

Figure 4 shows the effect of biochar application on the net P mineralisation (APorspn > 0)
or immobilisation (APorsgn < 0) rate at the end of incubation experiment. The positive values
indicate P mineralisation, since it represents an increment of available P. However, the negative values
indicate a decrease of available P, which imply P immobilisation due to the formation of dibasic
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calcium phosphate dehydrate (CaHPO,4-2H;0), octocalcium phosphate CagH;(PO4)s-5H,0O, or its
crystallisation as hydroxyapatite Cas(PO4)3(OH) in the soil or by other mechanism associated with
the biochar.

80 |  Soil + B (1%)
60 | : :

80  Soil + B (2%) . . .
0| a bo bo c ¢ ab a a

80| Soil+B+F (1%)

ab a

0OC650 OC450 0400 GH400GW400CM400 PM400 PC400
Treatments
Figure 4. Effect of biochars on the soil P mineralisation (AN > 0) or immobilisation (AN < 0). Error bars

represent standard deviation (n = 3). Different letters in each plot indicate significant differences at the
p <0.05level.
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Biochars usually contain three pools of P, one which is freely soluble, one which is strongly bound
to Fe and Al and the last one which remains organically bound as a residue of the original feedstock
and its proportions are dependent on feedstock and pyrolysis conditions [6]. The net effect of biochars
at 1% on soil P availability was not significant. At 2% application rate, significant differences were
found for biochars obtained from pre-treated organic waste (CM400 and PC400), PM400 and OC650,
which showed higher available P values than raw lignocellulosic biochars. Despite the low total P
content in OC650, this treatment showed a large P availability at the end of the soil incubation.

The bioavailability of P primarily depends on P composition (different chemical forms) in the
feedstocks which may affect its subsequent availability after entering the soil [6,32]. On the other
hand, 0400 and OC400 biochar treatments did not show any significant effect on P availability and
GH400 and GW400 treatments led to a slight P immobilisation. The difference between OC650, OC450
and 0400 biochars could be caused by the fact that organic P present in plant tissues do not volatilise
until approximately 700 °C [33]. Thus, the pyrolysis of raw lignocellulosic feedstock can enhance P
availability from plant tissue by volatilising large amounts of C and cleaving organic P bonds, resulting
in a residue of soluble P salts associated with the biochar [6].

Biochars did not show a clear effect on net P mineralisation in soil amended with manure. Thus,
it seems that, similar to the case of N, the complex mechanisms of organic matter mineralisation of the
manure masked the impact of biochars.

On the other hand, the interaction of biochar with mineral fertilisation showed a different
behaviour with respect to S + B (2%). Thus, rich lignocellulosic biochars (OC450, 0400 and GW400)
showed the highest mineralisation values, whereas biochars obtained from pre-treated feedstocks
(PM400, PC400 and OC650) recorded slightly lower P mineralisation. To date, however, there is
a noted lack of studies evaluating the short-term effect of biochar on P cycling and availability.
It seems that a variety of mechanisms through which biochar may directly or indirectly influence the
biotic and abiotic components of the P cycle [6], especially when the phosphorus is added in excess.
Thus, the sorption of chelates may have a positive or negative influence on P solubility; due to the
favourable surface properties of biochars for sorbing organic molecules. In addition, biochar could
act as a promoter of microbial activity and P mineralisation, providing greater access to organic and
insoluble inorganic pools of P [6].

3.3. Dynamics of Available Micronutrients in Soil

Micronutrients also play an important role in the mineral nutrition for plant growth. Although
their contents in some raw lignocellulosic biochars are rather low [18] (this Special Issue), biochars
prepared from urban wastes (GW400, CM400, and PC400) and from manure (PM400) present high
mineral contents, and may have agronomic relevance. The availability of these micronutrients in the
biochar itself and after soil application was evaluated by the changes in the DTPA-extractable fraction.

Table 2 shows DTPA-extractable micronutrient (Fe, Cu, Mn, Zn and B) concentrations in
biochars. In general, the amount of DTPA extractable elements represented less than 10% of the
total concentration, reflecting the low mobility of these elements in the biochar itself. Only in the case
of Mn and Zn the percentages of available element rarely exceeded 20% or 40%, respectively (Table S1).
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Table 2. DTPA-extractable micronutrients (Fe, Cu, Mn, Zn and B) concentrations in biochars.

Biochar Fe Cu Mn Zn B
(mg kg™

0C650 5.1 0.7 59.3 119 0.24
0.0)1 (0.0) (1.4) 0.1) (0.01)
0C450 0.9 0.2 244 1.5 0.45
(0.0) (0.1) (0.0) (0.0) (0.00)
0400 0.1 0.4 1.6 5.6 0.39
0.1) (0.1) (1.0) (0.6) (0.33)
GH400 0.1 0.5 15.2 2.0 0.82
(0.0) (0.3) (1.4) 0.1) (0.04)
GW400 29 0.7 437.0 5.4 212
(0.5) (0.0) (1.6) 0.1) (0.00)
CM400 106.9 14 44 3.9 0.82
(1.6) (0.0) (0.1) (0.0) (0.01)
PM400 42 33 458 215 5.58
(0.4) (0.3) (0.5) 0.4) (0.33)
PC400 18.9 2.7 16.1 9.1 2.07
(0.6) (0.0) (0.2) 0.4) (0.01)

! Standard deviation in italics within brackets (11 = 3).

In general, the addition of biochar did not increase the amount of DTPA extractable micronutrients
in soil, with the only exception of the concentration of Mn (Figure S3). Increasing biochar application
rate to the soil did not affect DTPA-available content of micronutrients despite the great differences
between mineral concentrations in the different biochars, especially in the case of biochars prepared
from pre-treated organic wastes, such as CM400, PC400, GW400 and PM400, characterised by a high
content in Fe, Cu, Mn and Zn [18] (this special issue).

The DTPA-available Fe and Mn concentrations decreased in the soil alone and the soil amended
with organic or mineral fertilisation (Figures S1 and S3, respectively). In general, the impact of biochar
on these nutrients was not relevant, except in the case of PM400 and PC400, that showed a slight
immobilisation of Fe and Mn in the soil alone and the amended soil, compared to the rest of biochars.
In the case of Mn, there was a large variability in the impact of biochar addition, especially in the case
of GH400 and GW400, which recorded the highest DTPA-extractable Mn concentration in the soil
after incubation.

Biochar addition did not show any effect on Cu availability, even at the highest application rate.
In alkaline soils, it is known that Cu forms strong associations with Fe and Al (hydr)oxides and thus
may limit its availability (Figure 52), even in the case of biochars having high total concentrations of
Cu, such as CM400, PM400 and PC400. The addition of manure caused an increase in Cu availability,
which can be almost entirely ascribed to the manure addition. Previous work in alkaline soils showed
a similar short-term impact on Cu [4,5].

The pattern of DTPA-extractable Zn in soil was similar to that observed for Cu, due to a low
available Zn caused by strong zinc sorption by CaCOj that is typical of alkaline soils. There were
no significant effects on Zn availability, due to the addition of biochar at 1% and 2% application rate
(Figure S4), with the exception of PM400 that showed a short-term immobilisation of Zn at Day 3,
despite its high DTPA-Zn extractable Zn concentration in the biochar. The addition of manure raised
the Zn availability regardless of the biochar applied.

B was slightly immobilised during the incubation due to the calcium carbonate present in soil,
which acts as a sink for B in calcareous soils [34] (Figure S5). The addition of biochars OC450, 0400,
GW400, CM400 and PM400 to the soil, at 1% and 2% application rate, avoided the short-term B
immobilisation. However, OC650 showed a similar behaviour to the control soil, while GH400 and
PC400 showed a slight B availability at the end of incubation. These results indicated that B availability
in soil was not directly related to the DTPA-extractable concentrations in biochars.
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3.4. Dynamics of DTPA-Extractable Potentially Toxic Metals in Soil

The presence of potentially toxic metals in organic wastes represents an important limitation for
their use in agriculture. Pyrolysis of organic wastes led to a concentration of the metals, originally
present in the feedstocks, into the ash fraction of the biochars. Some of the biochars used in this study
had a high concentration of metals [18] (this Special Issue). The concentration of potentially toxic
metals in CM400, PM400, PC400, and GW400 are in some cases above the threshold for biochar of
basic quality grade according to the European Biochar Certificate (EBC) [35]. Despite the regulatory
classification and the legal limitations for their use in agriculture, all the biochars obtained were
studied as soil amendment to assess the fate of metals in soil. The DTPA-extractable metals (Cd, Cr,
Ni and Pb) concentrations in biochars are presented in Table 3. The extractable fraction of the metals
was in general very low and only represented a small fraction of the total metal concentration in the
biochar, below 5% in the case of Ni and 16% in Pb (Table S2).

Table 3. DTPA-extractable potentially toxic metals (Cd, Cr, Ni, and Pb) concentrations in biochars.

. Cd Cr Ni Pb
Biochar
(mg kg™1)

0OC650 <0.01 <0.01 0.44 0.1
(0.03) 1 (0.0)

0OC450 <0.01 <0.01 0.07 0.1
(0.00) (0.0)

0400 <0.01 <0.01 0.32 2.8
(0.25) (2.0)

GH400 0.02 <0.01 0.17 0.6
(0.00) (0.01) 0.1)

GW400 0.05 0.08 0.19 1.9
(0.01) (0.00) (0.01) (0.0)

CM400 0.11 0.04 0.29 21.7
(0.02) (0.00) (0.01) (0.0)

PM400 <0.01 <0.01 0.04 0.2
(0.00) (0.0)

PC400 0.01 <0.01 0.32 5.0
(0.00) (0.01) (0.3)

1 Standard deviation in italics within brackets (1 = 3).

The concentrations of Cr and Cd were below the detection limits in all amended soils. The addition
of biochar caused a slight solubilisation of Ni and Pb in all the treatments (Figures S6 and S7), i.e.,
with only biochars (S + B (1%) or (2%)) or in combination with organic amendment (S + B + M (1%)
and fertiliser (S + B + F (1%), compared to the treatments with organic amendment (S + M (1%)) and
fertiliser alone (S + F (1%)). However, these differences were not significant in the case of the control
soil. Therefore, the addition of organic amendment or mineral fertiliser had a very limited effect on the
DTPA-extractable content of both elements and the recorded increase can be almost entirely ascribed
to the addition of biochar. In general, the DTPA-extractable concentrations of Ni in soils were very low.
Biochars that typically caused the larger Ni increases were 0400, GW400 and CM400, containing high
levels of metals in the feedstock. In addition, CM400 (the biochar with the highest DTPA-extracted Pb)
caused a 2-fold increase in available Pb with respect to the soil. However, the treatments with PC400
and PM400 biochars recorded lower Ni and Pb concentrations than the control.
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3.5. Effect of Biochar on Plant Growth

3.5.1. Phytotoxicity

The phytotoxicity of the materials was evaluated by the germination index (GI) of Lepidium
sativum in the biochars alone and by the germination success (G) of the lettuces seedlings in soils
amended with biochars (Table 4). All biochars showed lower GI than the control, except in the case of
0C450, which had no impact in the GI. CM400 showed the lowest GI value (61%), which involves low
phytotoxicity symptoms according to Zucconi et al. [24]. A possible cause of the low GI rate in CM400
is the presence of potentially toxic metals and especially DTPA-extractable Pb, which inhibitory effect
had been reported previously [36]. In addition, 0400, GH400, GW400 and PC400 biochars could have
toxic soluble and volatile organic compounds, which accumulated through re-condensation of gases
during the charring process, decreasing the GI [13].

Table 4. Influence of biochar type on plant variables measured during the growth and at the harvest of
lettuce crop.

Leaf Chlorophyll

Biochar GI! G? Root Shoot Total Root/Shoot SPAD  Fluorescence N N Uptake NUE 4
% Biomass (g) (Fv/Fm)® mgg~! me SN kg ' %
oil

Soil - - 0.82 3853  467ab 021° 27.8 0.825 7.98 2b 28.7 67.5 b
0.15)°5  (0.60) (0.73) (0.02) (2.4) (0.007) (0.65) (4.9) (11.5)

0C450 1012 117°2b 0.89 4242 5.142 021b 27.2 0.826 7.59b 30.2 71.443b
(1) (10) (0.19) (0.21) (0.30) (0.03) (1.9) (0.008) (0.62) (3.5) (3.5)

0400 883  1174b 0.75 3.792b  454ab 020" 24.9 0.827 8.022b 28.1 66.4 2P
(6) (16) (0.10) (0.33) (0.35) (0.03) (1.2) (0.003) (0.62) (2.1) (4.9)

GH400 6923  1082b 0.90 3.18b 4.08b 0292 26.8 0.829 9.072 26.7 63.1P
(5) (23) (0.11) (0.28) (0.31) (0.04) (1.1) (0.009) 0.73) (2.2) (5.3)

GW400 853  g3b 0.80 4,082 4882 020" 26.7 0.825 8.113b 30.9 73.0b
9 (19) (0.09) (0.24) (0.21) (0.03) (2.6) (0.008) (0.69) (2.1) (5.0)

CM400 61P 1332 0.86 3713  458ab 020" 27.2 0.826 8.42ab 29.2 69.1 2P
(7) (10) (0.11) (0.29) (0.36) 0.2) (1.2) (0.006) (0.63) (1.7) (4.0)

PC400 8523  100°b 0.83 4202 5.032 0.23P 28.3 0.824 8.08 ab 31.7 75.02
(5) (19) (0.07) (0.33) (0.34) (0.02) (2.5) (0.014) (0.6) (3.5) (8.3)

1 GI: Germination Index on Lepidium sativum (control: distilled water); > G: Germination rate at Day 12 on lettuce
(control: soil); 3 Fv/Fm: is an indicator of the quantum yield of photosystem II; * NUE: N uptake/N supplied; °
standard deviation in italics within brackets (n = 6); different letters indicate significant differences at p < 0.05.

The germination success was measured through seedling emergence, at Day 12 after sowing.
Biochar type had significant effects on lettuce emergence in soil. Generally, the percentage of
germinated seeds increased in all cases with respect to the control soil (100%), except GW400, which
was significantly lower (83%). In contrast to the phytotoxicity test performed directly on biochars,
CM400 mixed with soil recorded the highest germination (133%), due to the buffer capacity of the soil
and the dilution of pollutants.

3.5.2. Plant Growth and Nutritional Status

The influence of biochar added to the soil on plant growth was assessed through total biomass,
root-to-shoot ratio, leaf SPAD and chlorophyll fluorescence, as indirect measurements in the plant
nutritional status (Table 4).

Biochar addition significantly affected the total dry plant biomass (shoot and root systems):
0OC450, PC400 and GW400 addition caused an increase of 10%, 7.7% and 4.6%, respectively, compared
to the control, while for the rest of biochar treatments showed reductions of 2.0%, 2.7% and 4.6% for
0400, CM400 and GH400, respectively. However, in the case of the root system (root biomass), GH400
and CM400 registered a significant increase in root biomass of 9.8% and 4.8%, respectively, whereas raw
lignocellulosic biochars generally did not show any significant differences with the control. A previous
study with wood biochars and sunflower crop did not find any statistically significant effect on the
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root production [37]. Thus, the impact on the root system may be affected, apart from the way it is
applied to the soil, by the origin and properties of the biochar.

The root-shoot ratio was also evaluated. In general, changes in the root-to-shoot ratio depend on
several factors. Thus, root-to-shoot ratio increases with nutrient deficiency, moisture stress, elevated
concentrations of organic or inorganic (potentially toxic metals) compounds with toxic effect, or under
elevated CO,, but decreases in strong light [38-40]. GH400 treatment showed the highest root-to-shoot
ratio, which differed significantly with respect to the rest of the treatments. According to the results,
the increase in root-to-shoot ratio in GH400 treatment was not caused by a toxic effect of metals.
A nutrient deficiency was also discarded in this treatment based on the measurements of chlorophyll
fluorescence and leaf SPAD that did not show any differences between treatments. A possible effect
of elevated CO, concentration and changes in light was also discarded since the experiment was
fully randomised. Thus, an increase in the root-to-shoot ratio would indicate that plant was probably
growing under less favourable conditions due to lower water availability.

Statistically significant interactions were found between plant growth characteristics and biochar
characteristics indicating that growth responses were dependent upon biochar properties. Thus,
WHC of biochars were strongly correlated to several growth characteristics according to Pearson’s
correlations: biomass (r = —0.48; p < 0.01); shoot system (r = —0.56; p < 0.01); root-to-shoot ratio
(r=—0.66; p < 0.01). These findings suggest that water in GH400 pots were less accessible by plants.
Wu et al. [41] observed that, to diminish consumption and increase absorption of water, plants in dry
conditions often decrease their growth rate and biomass production, and contribute more biomass to
roots, so that they could maintain a higher root-to-shoot ratio. In addition, a net increase in root growth
and an increase in the root-to-shoot ratio by plants growing in conditions of low water availability
may therefore be interpreted as an important adaptive feature [42].

Previous works also reported that changes in the WHC and bulk density of the soil, caused by
biochar addition, could affect root hair and pore-water dynamics that are difficult to measure [43].
The impact on the root system may be affected by the origin and properties of the biochar, but is
unclear. Lehmann et al. [44] showed an increase in the root-to-shoot ratio while other pot studies
recorded mostly reductions in root-to-shoot ratios [39].

The optimum nutritional status of lettuces during the growth experiment was indirectly
corroborated by measurements of chlorophyll fluorescence and leaf SPAD at Day 52. The fluorescence
parameter Fv/Fm, which decreases when plants experience stress [20], did not show significant
differences between treatments. In addition, leaf SPAD values did not show any significant differences
during the growth. These results confirmed the observation made where all treatments had a healthy
green leaf colour independent of the type of biochar applied.

3.5.3. Effect of Biochar Types on N Use Efficiency

The N concentration in the shoot biomass, the N uptake by the shoot system and the NUE are
shown in Table 4. Total N content in the shoot system was affected by biochar type. GH400 increased
the N concentration, while OC400 decreased the N concentration. The different behaviour of the
biochars was caused by a mass concentration effect related to the amount of shoot biomass in each
treatment. Thus, through N uptake by the plant, this effect was corrected and no significant differences
were found between treatments.

The NUE represent the N uptake with respect to the applied N. All biochars had a similar
behaviour and there were no significant differences in NUE with respect to the control. However, there
were significant differences between biochars. GH400 showed the lowest (63.1%), whereas PC400
showed the highest (75.0%) NUE values. In the case of GH400, the low NUE could be due to the lower
water availability in the soil, reducing N absorption by the plant. On the other hand, the higher NUE
in PC400 treatment could be due to a high mineral content in the soil added with this biochar, which
could contribute to the fertilisation of the plant.
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3.5.4. Potentially Toxic Metals in the Plant Shoot System

The uptake of the most important potentially toxic metals (Cd, Cr, Ni and Pb) by lettuces was
measured in the different biochar treatments (Table 5). In general, the amounts of metals in lettuce
were found to be very low. However, the amount of metals absorbed by the lettuces was higher than
expected from the DTPA-extractable data at the end of the incubations. Thus, the crop was able to
extract higher amounts from the biochars and from the soil than predicted from the DTPA analysis.

Table 5. Metal concentration in plant shoot at the harvest of lettuce crop (wet weight).

. cd Cr Ni Pb

Biochar
(mg kg~1)

Soil 0.02 0.03 0.03 be 0.07

(0.00) 1 (0.01) (0.01) (0.01)

0C450 0.02 0.01 0.01¢ 0.09

(0.01) (0.01) (0.01) (0.01)

0400 0.02 0.04 0.072 0.11

(0.01) (0.04) (0.02) (0.01)

GH400 0.02 0.01 0.01°¢ 0.16

(0.01) (0.02) (0.02) (0.01)

GW400 0.02 0.01 0.01¢ 0.12

(0.01) (0.02) (0.02) (0.01)

CM400 0.02 0.06 0.06 ab 0.07

(0.01) (0.02) (0.02) (0.01)

PC400 0.02 0.02 0.02¢ 0.13

(0.01) (0.02) (0.01) (0.01)

1 standard deviation in italics within brackets (1 = 6); different letters indicate significant differences at p < 0.05.

The Cr levels did not show significant differences in DTPA-extracted in plant, even though the
Cr concentration showed a two-fold increase in CM400 lettuces, which was in accordance to the high
levels of this metal in the biochar. On the contrary, the concentrations of Pb did not show differences
among treatments despite the high DTPA-extractable Pb in CM400 biochar, but the results are in
agreement with the evolution of the DTPA-extractable concentrations observed during the incubation
(Figure S7). The Ni extracted by lettuces was low, but slightly higher in O400 treatment, which was
probably due to the levels of Ni in the original biochar (possible contamination during the pyrolysis
process by the use of Ni-Cr steel in construction of pyrolysis reactors [45]).

Maximum levels for Cd and Pb in fresh vegetable established by the EU legislation are 0.05
and 0.30 mg kg~ ! of plant (wet weight), respectively [46,47]. Thus, Cd levels, which were below the
detection limit (0.02 mg kg~ '), and Pb levels, which were detected in the rage from 0.07 to 0.16 mg kg !
of plant (wet weight) were below the limits for leaf vegetables.

4. Conclusions

The agricultural recycling of a range of urban and agricultural wastes as feedstock for the
production of biochar was assessed in this study. All tested biochars exhibited favourable properties
as soil amendments and no phytotoxic effects or negative impacts on soil nutrient dynamics were
observed during the soil incubation experiments. The relative higher proportion of ashes in biochars
prepared from pre-treated organic wastes, compared to raw lignocellulosic wastes, was the main factor
controlling their impact on soil nutrient cycles. The presence of ashes in biochars caused an increase
in the availability of N and P in soil, but the ashes can also represent a source of potentially toxic
compounds. The uptake of metals was low despite the content of these elements in biochars. The
agricultural use of the biochars included in this study is only limited by the presence of potentially
toxic metals in some of the biochars prepared from feedstocks of urban origins.
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s1, Figure S1: Concentration of DTPA-extractable Fe in soil during the incubation, Figure S2: Concentration of
DTPA-extractable Cu in soil during the incubation, Figure S3: Concentration of DTPA-extractable Mn in soil
during the incubation, Figure S4: Concentration of DTPA-extractable Zn in soil during the incubation, Figure S5:
Concentration of DTPA-extractable B in soil during the incubation, Figure S6: Concentrations of DTPA-extractable
Ni in soil during the incubation, Figure S7: Concentration of DTPA-extractable Pb in soil during the incubation,
Table S1: Percentage of DTPA-extractable micronutrients (Fe, Cu, Mn, Zn and B) with respect to total concentration
in biochars, Table S2: Percentage of DTPA-extractable heavy metals (Cd, Cr, Ni and Pb) with respect to the total
concentration in biochars.
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